Abstract. Liquid crystals are the state of matter existing between liquid and crystalline phases, and recently there has been increasing interest in their biological effects. Following our recently reported work, we investigated the cell suppressive effects of liquid crystal-related compounds (LCRCs), which are precursors of liquid crystals, in the human non-small lung cancer cell line A549. We found that 2-(4-butoxyphenyl)-5-(4-hydroxyphenyl)pyrimidine (LCRC-1) dramatically suppressed cell growth. Treatment with 12 µM LCRC-1 for 12 h induced cell cycle arrest at the G2/M phase. Furthermore, LCRC-1 increased the sub-G1 fraction and Annexin V-positive cells and activated caspase-3 in A549 cells, which showed that it can induce apoptosis in these cells. Furthermore, because the induction of apoptosis by LCRC-1 was partly inhibited by treatment with pan-caspase inhibitor, it appeared that LCRC-1 induced apoptosis by a caspase-dependent pathway. The ability of LCRC-1 to cause DNA damage was assessed, but LCRC-1 did not induce expression of γ-H2AX, which is a marker of DNA damage. Treatment with LCRC-1 did not inhibit the proliferation of WI-38 normal fibroblast cells, which makes the tumor-specific suppressive effect of LCRC-1 attractive for its application as a new antitumor drug.
Introduction
Clinical cancer therapy includes the use of most common treatments such as surgery, radiation and chemotherapy for cancer patients. Chemotherapeutic agents can regulate uncontrolled proliferation of abnormal cancer cells and are often combined with surgery and/or radiation therapy. The majority of chemotherapeutic drugs can be classified as alkylating agents, antimetabolites, anthracyclines, plant alkaloids, topoisomerase inhibitors, monoclonal antibodies, and other antitumor agents (1) (2) (3) (4) . Numerous studies are progressing to develop antitumor drugs such as molecular-targeting drugs although few drug therapies lead to complete recovery in cancer patients (5, 6) . Therefore, the development of more effective chemotherapeutic drugs is essential for the treatment of cancer.
Liquid crystal is the state of matter existing between liquid and crystalline phase and is characterized by the partial or complete loss of positional order of the constituent molecules (7) . Liquid crystal compounds (LCCs) are widely used in display media such as in television screens. In general, liquid crystals are synthesized from various precursors such as a flexible chain, a rigid aromatic core, and hydrophobic and hydrophilic units. In contrast, various biological cell structures such as cell membranes consist of amphiphilic phospholipids. Therefore, LCCs or their precursors, namely liquid crystalrelated compounds (LCRCs), possibly interact with biological cell structures. In fact, there has been an interest in the biological and pharmacological effects of these compounds (8) (9) (10) .
We previously demonstrated that LCCs suppressed the cell growth of the non-small cell lung cancer (NSCLC) cell line A549 through G1-phase arrest, although it did not induce cell death (11) . Recently, we also reported that some LCRCs dramatically suppressed cell growth and induced apoptosis in human chronic myelogenous leukemia K562 cells (12) . Although leukemic cells are more sensitive to chemotherapy and ionizing radiation compared with solid malignancies (13) , there is a possibility that these LCRCs potentially suppress cell growth and induce cell death in solid malignancies including NSCLC. Therefore, in the present study, we investigated the antitumor effect of LCRCs in the NSCLC cell line A549. Furthermore, the radiosensitization effect of LCRC was also examined because combined treatment with radiotherapy and chemotherapy has been extensively used in the management of many types of solid malignancies including NSCLC.
A liquid crystal-related compound induces cell cycle arrest at the G2/M phase and apoptosis in the A549 human non-small cell lung cancer cell line
Materials and methods
Reagents. The structures of LCRCs used in the present study are shown in Fig. 1 Liquid culture. The A549 cells (6.0x10 4 ) were seeded onto a 35-mm culture dish (Iwaki, Chiba, Japan) and cultured overnight to allow adherence to the dish. Next day, each compound (12 µM) or vehicle (DMSO) was added in the culture medium and cultured for 3 days. After 3-day culture, the cells were harvested with 0.1% trypsin-EDTA (Gibco ® Invitrogen, CA, USA) and viable cells were counted by trypan blue exclusion assay. To investigate the effect of LCRC-1 in detail, the A549 cells were treated with 1.5-12 µM LCRC-1 for 72 h and then the viable cells were counted as described above.
Cell cycle analysis by flow cytometry. The A549 cells were seeded onto a 60-mm culture dish (Iwaki) and incubated overnight to adhere to the dish. The cells treated with the compound were harvested and fixed with 70% ethanol overnight at 4˚C. The fixed cells were washed with PBS(-) and then treated with RNase (200 µg/ml) at 37˚C for 30 min to hydrolyze RNA. After treatment, the cells were washed with PBS(-) and stained with PI (25 µg/ml) for 30 min in the dark. A flow cytometer (Cytomics FC500, Beckman-Coulter, Fullerton, CA, USA) was used to analyze the cell cycle distribution.
Detection of apoptosis. The extent of apoptosis was determined by Annexin V-FITC (BioLegend, San Diego, CA, USA) and PI staining according to the manufacturer's instructions. Briefly, the cells treated with compound were harvested, washed, and suspended in the binding buffer (10 mM HEPES/NaOH, 140 mM NaCl, 2.5 mM CaCl 2 , pH 7.4). The Annexin V-FITC (2.5 µg/ml) and PI solution (50 µg/ml) were added in the cell suspension and incubated for 15 min at room temperature in the dark. Apoptosis cells were determined by flow cytometry. In the Annexin V/PI quadrant gating, Annexin V(-)/PI(-), Annexin V(+)/PI(-), and Annexin V(+)/PI(+) were used to identify the fraction of viable cells, early apoptotic cells, and late apoptotic/necrotic cells, respectively.
Detection of activated caspase-3.
An FITC-conjugated monoclonal active caspase-3 antibody apoptosis kit (BD Biosciences, San Diego, CA, USA) was used to detect active caspase-3 according to the manufacturer's instructions. Briefly, the cells treated with compound were harvested and washed with PBS(-). The cells were suspended in Cytofix/Cytoperm™ and incubated for 20 min on ice. After incubation, the cells were washed with Perm/Wash™ buffer and resuspended in Perm/Wash™ buffer containing 5% FITC-conjugated antiactive caspase-3 antibody. After 30 min incubation at room temperature in the dark, the cells were washed and then analyzed by flow cytometry.
Inhibition of caspase by Z-VZD-FMK.
The A549 cells were preincubated with 100 µM Z-VAD-FMK, a pan-caspase inhibitor, for 1 h before adding to the compound. After 48 h culturing in the presence of compound, the cells were harvested and the viable cells were counted. Furthermore, the analysis of apoptosis (Annexin V-FITC and PI staining) and detection of active caspase-3 were performed as described above.
Immunofluorescence detection of γ-H2AX. The A549 cells (3.0x10 4 ) were grown on chamber slides II (Iwaki) overnight to allow adherence to the slides. After treatment with compound for the indicated periods, the cells were fixed with cold methanol for 20 min and acetone for 7 sec, dried, treated with 0.5% Triton X-100 (Wako, Osaka, Japan) for 10 min, and washed in PBS(-). The cells were then incubated with anti-phospho-histone H2AX monoclonal antibody (JBW301, Upstate Biotechnology, Lake Placid, NY, USA) at a 300-fold dilution with TBST (20 mM Tris-HCl, pH 7.4, 137 mM NaCl, 0.1% Tween-20) containing 5% skim milk for 60 min at room temperature. After the cells were washed with PBS(-), they were then incubated with an AlexaFluor 488 ® conjugated antimouse immunoglobulin G second antibody (Molecular Probes, Eugene, OR, USA) at a 400-fold dilution with TBST containing 5% skim milk for 60 min at room temperature, and washed in PBS(-). The slides were stained and mounted with Vectashield Clonogenic survival assay. The A549 cells were seeded onto a 60-mm culture dish (Iwaki) and incubated overnight to allow adherence to the dish. The compounds were added in culture medium 1 h before X-ray irradiation. Aluminum (0.5 mm) and copper (0.3 mm) filters at a distance of 45 cm from the focus were used to expose the cells to X-rays (150 kVp, 20 mA) at a dose rate of 1.0 Gy/min (MBR-1520R-3 Hitachi Medical Co., Tokyo, Japan) in the range of 1-8 Gy. The cells were cultured at 37˚C in a humidified atmosphere containing 5% CO 2 . After 7-day culture, the cells were fixed in methanol for 10 min at room temperature, air dried, and stained by Gimsa stain solution. The colonies consisting of more than 50 cells were counted by inversion microscopy.
Statistical analysis. The significance of differences between the control and experimental groups was determined by two-sided Student's t-test and two-sided Mann-Whitney U test depending on the data distribution. A one-way ANOVA model and the Tukey-Kramer test were used to analyze the data from multiple groups (i.e., Fig. 4D and E) . The significance level was set to p<0.05. Excel 2010 software (Microsoft, USA) with the add-in software Statcel 2 was used for statistical analysis (14) .
Results
LCRCs suppresses the growth of A549 cells. The suppressive effects of LCRCs, whose cell suppressive effect had been previously demonstrated in the K562 cells, were investigated in the NSCLC cell line A549 and in WI-38 normal fibroblasts. As shown in Fig. 2A , both LCRCs suppressed the growth of the A549 cells. The suppressive effects of LCRC-1 and 2 caused 95 and 78% inhibition, respectively. The effects of these LCRCs on WI-38 proliferation were also examined. Although LCRCs slightly suppressed WI-38 proliferation, there was no statistically significant difference in suppression between the treatments with vehicle and LCRCs (Fig. 2B) . These results indicate that the suppressive effect in the A549 cells was more dramatic for LCRC-1 than that for LCRC-2, whereas the effect of either compound was minimal to non-existent on growth of the WI-38 cells. Because the 50% inhibitory concentration (IC 50 ) of LCRC-1 for 72 h was 5.52±1.88 µM (data not shown), we selected 6 µM (approximately IC 50 ) and 12 µM (2 x IC 50 ) LCRC-1 concentrations for following experiments.
LCRC-1 induces G2/M arrest in the A549 cells.
The effect of LCRC-1 on the cell cycle profile in the A549 cells was analyzed.
The treatment with 12 µM LCRC-1 for 12 h significantly increased the G2/M fraction compared with treatment with the control (Fig. 3A) . The increase in the G2/M fraction caused by treatment with 12 µM LCRC-1 disappeared at 24 h, whereas the sub-G1 fraction, a hallmark of apoptosis, was increased (Fig. 3B) . In contrast, no statistically significant difference in the cell cycle profiles was observed between the treatments with the control and 6 µM LCRC-1. (Fig. 4A) . Although the treatment with LCRC-1 for 48 h also increased those fractions, no statistically significant difference was observed. To investigate in detail the induction of apoptosis by LCRC-1, the expression of active caspase-3, an executioner of apop- * p<0.05 and ** p<0.01 by two-sided Student's t-test, respectively. (C-E) The A549 cells preincubated with Z-VAD-FMK were cultured in the presence of 12 µM LCRC-1 for 48 h. The cells were harvested, followed by analysis of (C) active caspase-3, (D) annexin/PI staining and determination of the (E) viable cell number count. The data are presented as the mean ± SD of three independent experiments. Z-VAD, Z-VAD-FMK; * p<0.05 by Tukey-Kramer test.
LCRC-1 induces apoptosis in the A549
tosis, was analyzed. Caspase-3 activation in the cells treated with 12 µM LCRC-1 for 48 and 72 h was higher than that in the vehicle control (Fig. 4B) . To clarify the involvement of caspase-3 activation in the induction of apoptosis by LCRC-1, Z-VAD-FMK, a pan-caspase inhibitor, was used. Pretreatment with Z-VAD-FMK moderately inhibited caspase-3 activation by LCRC-1 (Fig. 4C ) and reduced the percentage of Annexin positive cells in the cells treated with LCRC-1 (Fig. 4D) . However, the reduction of cell number was not recovered by treatment with Z-VAD-FMK (Fig. 4E) .
The effects of LCRC-1 in causing DNA damage. To investigate the mechanisms of G2/M arrest by LCRC-1, we focused on DNA damage. Because ataxia telangiectasia mutated (ATM), which is one of the DNA damage-responsive kinases, activates G2/M checkpoint arrest following DNA damage such as exposure to ionizing radiation (15), caffeine, as an ATM inhibitor, was used to investigate the involvement of ATM in G2/M arrest by LCRC-1 (16) . Pretreatment with caffeine completely inhibited G2/M arrest by 6-Gy irradiation, whereas it hardly affected G2/M arrest by LCRC-1 (Fig. 5A) . Furthermore, although the expression of γ-H2AX, a marker of DNA damage (17) , was observed in 6-Gy irradiated cells prepared as positive controls, it was not observed in the cells treated with LCRC-1 at any time points (0.5, 3, 24 h) (Fig. 5B and data not shown).
Radiosensitization effect of LCRC-1. The radiosensitization of LCRC-1 was examined. The survival curves of the A549 cells exposed to X-rays with or without 6 µM LCRC-1 are shown in Fig. 6 . Although LCRC-1 slightly enhanced radiosensitivity in the A549 cells, no statistically significant difference was observed. 
Discussion
In the present study, we demonstrated that LCRCs possessing three aromatic rings, whose potential to induce apoptosis had been previously demonstrated in human chronic myelogenous leukemia K562 cells (12) , suppressed cell growth in human non-small cell lung cancer A549 cells ( Fig. 2A) .
Takahashi et al previously reported that some amphiphilic LCCs such as cyanobiphenyl derivatives with a terminal hydroxyl and phenylpyrimidine derivatives possessing D-glucamine inhibited cell growth through G1-phase arrest in the A549 cells, although they did not induce cell death (11) . However, LCRCs used in this study (particularly LCRC-1) increased the sub-G1 fraction and Annexin V-positive cells and activated caspase-3 in the A549 cells (Figs. 3, 4A and B), thus showing that LCRC-1 can induce apoptosis in the A549 cells. Furthermore, the increase of Annexin V-positive cells caused by LCRC-1 was partly inhibited by caspase inhibitor (Fig. 4D ). This result indicates that LCRC-1 induced apoptosis through a caspase-dependent pathway. In contrast, the suppression of cell numbers by LCRC-1 did not recover after treatment with a caspase inhibitor (Fig. 3E) ; the probable reason for this is that the specific caspase inhibitor used may not prevent cell cycle arrest by LCRC-1. ATM is a DNA damage sensor and activates the DNA repair process (18) . Following exposure to DNA damage, including that caused by ionizing radiation, ATM activates G2/Mcheckpoint arrest. However, caffeine, an ATM inhibitor, hardly affected G2/M arrest by LCRC-1 (Fig. 5A) . Furthermore, treatment with LCRC-1 did not induce the expression of γ-H2AX, a marker of DNA damage (Fig. 5B) . Considering these results, it is not likely that LCRC-1 induces DNA damage and then results in G2/M arrest. On the other hand, c-Jun N terminal kinase (JNK) is involved in not only apoptosis but also cell cycle arrest (19) . Furthermore, since Fukushi et al reported that LCRC-1 activated JNK in the K562 cells (12) , there is a possibility that JNK is associated with suppression of LCRC-1 in the A549 cells. However, a JNK inhibitor VIII (Calbiochem ® ) did not affect cell suppression by LCRC-1 in the A549 cells (data not shown). Therefore, other mechanisms such as endoplasmic reticulum stress may be involved in the suppressive effects of LCRC-1 (20) .
Combination treatment of radiotherapy with chemotherapy such as cisplatin has been extensively used in the management of many types of solid malignancies including NSCLC (21,22). Although, the radiosensitization effect of 6 µM LCRC-1 was expected in the A549 cells, it hardly enhanced the radiosensitization (Fig. 6) . However, LCRC-1 did not attenuate the effect of ionizing radiation at other concentrations (1.5 and 3 µM, data not shown). Therefore, the combination treatment of LCRC-1 with radiotherapy may be possible.
In conclusion, we demonstrated that an LCRC possessing three aromatic rings (LCRC-1) can potentially suppress cell growth through cell cycle arrest at the G2/M phase and induction of apoptosis in the A549 cells. Interestingly, LCRC-1 did not inhibit the proliferation of WI-38 normal fibroblasts (Fig. 1B) . Although the mechanisms of cell growth suppression by LCRC-1 were not elucidated in the present study, the tumor-specific suppressive effect of LCRC-1 is attractive for development of chemotherapeutic drugs. Therefore, further studies regarding the molecular mechanisms and structureactivity relationship of LCRCs may lead to the development of tumor-specific and more powerful chemotherapeutic drugs.
